Studies in cultured cells show that activation of endothelial nitric oxide (NO) synthase (eNOS) requires the dissociation of this enzyme from its inhibitory association with caveolin-1 (Cav-1), and perhaps its translocation from plasma membrane caveolae to other cellular compartments. We investigated the hypothesis that in vivo NO-dependent vasodilatation is associated with the translocation of eNOS from the cell membrane. To this end, we applied ACh topically (10-100 mM for 10 min) to the hamster cheek pouch microcirculation and measured NO production, blood flow and vessel diameter, and assessed subcellular eNOS distribution by Western blotting. Baseline NO production was 54.4 ± 5.2 pmol min _1 (n = 16). ACh increased NO release, caused arteriolar and venular dilatation and elevated microvascular flow. These responses were inhibited by N G -nitro-Larginine (30 mM). The maximal increase in NO production induced by 10 mM and 100 mM ACh was 45 ± 20 % and 111 ± 33 %, respectively; the corresponding blood flow increases were 50 ± 10 % and 130 ± 24 %, respectively (n = 4-6). Both responses followed a similar time course, although increases in NO preceded flow changes. In non-stimulated tissues, eNOS was distributed mainly in the microsomal fraction. ACh-induced vasodilatation was associated with eNOS translocation to the cytosolic and Golgi-enriched fractions. After 1.5, 3.0 or 6.0 min of application, 10 mM ACh decreased the level of membrane-bound eNOS by _13 ± 4 %, _60 ± 4 % and _19 ± 17 %, respectively; at the same time points, 100 mM ACh reduced microsomal eNOS content by _38 ± 9 %, _61 ± 16 % and _40 ± 18 %, respectively (n = 4-5). In all cases, microsomal Cav-1 content did not change. The close ACh concentration dependence and the concomitance between eNOS subcellular redistribution and NO release support the concept that eNOS translocation from the plasma membrane is part of an activation mechanism that induces NO-dependent vasodilatation in vivo.
Endothelial cells control vascular tone by releasing vasoactive substances in response to physical and chemical signals. Nitric oxide (NO) has emerged as the most notable endothelium-derived vasodilator. Elegant pharmacological studies, in isolated or in situ arteries and arterioles, have documented the pivotal role of NO in the endotheliumdependent vasodilatation induced by several humoral agents and shear stress (Ishii et al. 1990; Koller & Kaley, 1991; Kuo et al. 1991; Moncada et al. 1991) . On the other hand, the mechanisms triggering NO release by the activation of endothelial NO synthase (eNOS) have been studied mainly in cultured endothelial cells derived from large vessels, or in transfected non-endothelial cells (Michel et al. , 1997a Venema et al. 1996; Garcia-Cardeña et al. 1997; Feron et al. 1998) . While a few recent reports address this subject in vitro in endothelial cells of microvascular origin (Thuringer et al. 2000; Kawanaka et al. 2002) , much less is known about the mechanisms of eNOS activation in vivo.
In cultured cells, eNOS is targeted primarily to and anchored to the plasma membrane by dual acylation with myristate and palmitate Sowa et al. 1999) . In the membrane, the enzyme is found mainly in an inhibitory association with caveolin-1 (Cav-1), a structural protein of caveolae (Feron et al. 1996; Garcia-Cardeña et al. 1997; Ju et al. 1997 ). Furthermore, it has been proposed that following a rise in intracellular calcium, eNOS dissociates from Cav-1, allowing activation of the enzyme. This hypothesis is supported by reports that an increase in intracellular calcium is associated with a rise in NO production (Blatter et al. 1995;  ACh-induced endothelial NO synthase translocation, NO release and vasodilatation in the hamster microcirculation in vivo Kanai et al. 1995) , as the interaction of eNOS with calcium-calmodulin dissociates the eNOS-Cav-1 complex (Garcia-Cardeña et al. 1997; Michel et al. 1997a,b; Feron et al. 1998) . A role for tonic Cav-1 inhibition of eNOS activity in vivo is supported by the recent observation that the aortic rings of Cav-1-null mice present enhanced NOS-dependent relaxation in response to ACh (Drab et al. 2001; Razani et al. 2001 ). In addition, eNOS translocation from the membrane to the cytosol and/or perinuclear compartments has been observed following stimulation with calcium-mobilising agonists Prabhakar et al. 1998; Goetz et al. 1999) , possibly via enzyme de-palmitoylation Yeh et al. 1999) . Translocation was presumed to be an inactivation mechanism of eNOS because it was a relatively slow process compared to the rapid transient NO signal reported in aortic endothelial cells (Malinski & Taha, 1992) . This interpretation is questionable because the time course of NO production was not analysed together with eNOS translocation.
To what extent the mechanisms determined separately in cultured cells occur and are relevant in vivo has not been thoroughly investigated. It is conceivable that the dynamic environment in the intact circulation resulting in tonic eNOS activation may influence the kinetics and functional relevance of processes determined in tissue culture. To resolve whether eNOS translocation corresponds to activation or inactivation of the enzyme, this process should be analysed along with the time course of NO production. Furthermore, the functional relevance of such an event should be assessed in intact preparations or in vivo.
Therefore, in the work presented here, we tested the hypothesis that agonist-induced NO production and NO-dependent vasodilatation is associated with eNOS translocation from the cell membrane in microvascular endothelium in vivo. We decided to investigate this hypothesis in the hamster cheek pouch because this experimental model allows the direct visualisation and quantification of blood flow in the microcirculatory bed with minimal surgical trauma, as well as detection of NO production and eNOS subcellular distribution in a single preparation (Durán et al. 2000; Figueroa et al. 2001a ). We chose ACh as the test agonist because it is a recognised calcium-mobilising endothelium-dependent vasodilator. We compared eNOS fractional distribution at rest and at several times during ACh-induced vasodilatation.
We report data on the correspondence between the time course of the rise in blood flow and microvessel diameter with NO production and the reduction of microsomal eNOS content. Our data support the hypothesis that translocation from the membrane represents eNOS activation in vivo.
METHODS

Animal and drug sources
Adult male 100-120 g golden Syrian hamsters (Mesocricetus aureatus) were obtained from the Research Animal Facility of the Pontificia Universidad Católica de Chile. All studies were approved by the Institutional Bioethics Committee in compliance with the Guiding Principles in the Care and Use of Laboratory Animals endorsed by the American Physiological Society. We report the data of successfully completed experiments from a total of 142 hamsters.
Unless specified otherwise, all biochemical reagents and inhibitors were purchased from Sigma Chemical Co. (St Louis, MO, USA) and chemicals of analytical grade were from Merck (Darmstadt, Germany). Monoclonal anti-human eNOS and polyclonal anti-caveolin-1 primary antibodies were purchased from Transduction Laboratories (Lexington, KY, USA), and monoclonal anti-coat protein-beta (b-COP) was from Sigma. Monoclonal anti-Na + ,K + -ATPase developed by Douglas M. Fambrough was obtained from the Developmental Studies Hybridoma Bank, under the auspices of NICHD, maintained by the University of Iowa (Iowa City, IA, USA). Horseradish peroxidase-conjugated goat anti-rabbit and goat anti-mouse secondary antibodies were obtained from Pierce (Rockford, IL, USA).
Intravital microscopy of the cheek pouch
Hamsters were anaesthetised with sodium pentobarbital (60 mg kg _1 , I.P.) and the right cheek pouch was prepared for intravital microscopy as described previously (Boric et al. 1990 ). Briefly, the trachea, left carotid artery and left jugular vein were cannulated. The right pouch was immobilised with a Lucite plate introduced through the mouth and exposed through a skin incision. The non-vascular layer of connective tissue was cleared and the observation chamber was placed on top of the pouch and secured to the skin. The observation chamber was placed on the middle section of the pouch, comprising mostly epithelial tissue and fine strands of skeletal muscle fibres. All observations and biochemical analyses were performed on this section of the tissue. The hamster was placed on the stage of a Nikon Optiphot microscope and the pouch was transilluminated with a fibre-optic bundle. The cheek pouch was superfused at 1 ml min _1 by a peristaltic pump with a bicarbonate buffer (mM: 125 NaCl, 1.17 MgSO 4 , 2 CaCl 2 , 20 NaHCO 3 ) equilibrated with 95 % N 2 -5 % CO 2 , pH 7.4 and kept at 37°C. The observation chamber was isolated from room air by a glass coverslip. All drugs were applied topically without interrupting the superfusate flow using either a sideline near the input to the observation chamber, or dissolved in the superfusion medium. During the experimental procedures and throughout the experiment, arterial carotid pressure was recorded continually on a Grass polygraph. Supplementary doses of anaesthetic were given whenever arterial pressure started to rise (usually 10-15 mg kg _1 I.V., every 25-30 min). At the end of the experiment the animals were killed by an anaesthetic overdose (~150 mg kg _1 I.V.).
Microvascular flow and conductance determinations
After a 45 min stabilisation period, a 0.2 ml saline bolus containing 2 w 10 6 counts min _1 of 22 Na radioisotope ( 22 NaCl, NEZ-081, New England Nuclear, Boston, MA, USA) was injected I.V. The experiment was started 20 min later, to allow equilibration of the radioactive tracer between the plasma and extracellular compartment. The superfusion solution was collected over 2.5 min periods with a fraction collector. Duplicate 20 ml arterial blood samples were taken at hourly intervals. Total exchangeable plasma flow was determined by calculating the clearance of 22 Na in the superfused tissue with a Wallac-Turku gamma counter, as detailed previously (Boric et al. 1990 (Boric et al. , 1995 . The relative vascular conductance index (RVC) was calculated by dividing the clearance of 22 Na by the mean arterial pressure at every collection interval (Boric et al. 1990 (Boric et al. , 1995 .
Vessel diameters
The microcirculatory network was examined with a w 10 LWD Leitz objective and a few selected fields were recorded on videotape with a TV camera prior to, during and after the exposure to the different drugs. Vessel diameters were measured with a video calliper (Texas A&M, College Station, TX, USA) during playback at a magnification of w 900, with an accuracy of ± 0.5 mm. Arterioles (A) and venules (V) were grouped according to their branching order as described. The diameters of the observed vessels were: A4, 5-15 mm; A3, 16-30 mm; A2, 31-45 mm; A1, 46-70 mm; V3, 26-45 mm; V2, 46-65 mm.
Determination of NO production
The production of NO by the cheek pouch was quantified by measuring the superfusate content of authentic NO plus nitrite by chemiluminescence, as published previously (Figueroa et al. 2001a) . To prevent contamination of the NO analyser with radioactive material, NO and RVC measurements were not performed together in the same preparation. Chemiluminescence is a highly sensitive and accurate method for NO measurements (Archer, 1993) . However, due to the short half-life of NO in biological fluids, it is necessary to measure NO oxidised products, i.e. nitrites or nitrates. We used mild reducing conditions to reduce only nitrites, the first oxidised product of NO, because we have established that this procedure minimises background noise and prevents interference from chemicals containing amino groups (Boric et al. 1999 ). In addition, it has been reported that nitrates contribute less than 10 % to total NO metabolites recovered in the interstitial side of human microcirculation (Clough, 1999) , and it has also been established that nitrite levels reflect NOS activity in living tissues (Lauer et al. 2001) . A 50 ml superfusate sample was injected into the reduction chamber of a NO analyser (Sievers 280), filled with 8 ml glacial acetic acid containing 100 mg potassium iodide (75 mM), to rapidly reduce nitrites to NO. A nitrogen stream carried the resulting NO gas to a cell in which the specific chemiluminescence generated by the NO vs. ozone reaction was detected by a photomultiplier. The threshold sensitivity of this device is ~0.5 pmol. Calibration of the equipment was performed daily using standards of 10-1000 nM sodium nitrite. In each experiment, background buffer readings were obtained every 10 min from a T-connector placed in the inlet line immediately before the observation chamber. The net NO plus nitrite output released by the exposed tissue was calculated after subtracting background readings and is expressed as picomoles per minute.
Determination of eNOS translocation
Subcellular fractionation. The exposed cheek pouch area (80-100 mg of wet tissue) was quickly excised (~15 s) at defined times and homogenised for 15 s with an Ultraturrax in 500 ml cold antiprotease-lysis buffer (1 mg ml _1 aprotinin, 1 mM benzamidine, 10 mg ml _1 leupeptin, 1 mM phenylmethylsulfonyl fluoride, 200 mg ml _1 soybean trypsin inhibitor, 5 mM EGTA, 100 mM Tris, pH 7.4). For a detailed analysis of eNOS subcellular distribution, the crude homogenate was separated into three fractions, corresponding to a heavy membrane/organelles fraction, a light membrane (microsomal) fraction and a cytosolic fraction. The crude homogenate was first cleared of keratinised epithelium debris by a 5 min centrifugation at 150 g. The pellet was discarded and the supernatant was considered as the starting material to assess the whole tissue sample. A 50 ml sample of this total homogenate was saved for protein analysis, and the rest was centrifuged at 10 000 g for 30 min at 4°C. The resulting pellet corresponded to the heavy membrane/organelles fraction. The second supernatant was ultracentrifuged at 100 000 g for 90 min (4°C) to obtain the microsomal (pellet) and cytosolic (supernatant) fractions. To perform a quantitative time course analysis of microsomal eNOS translocation, the tissue homogenate was fractionated in two steps, to recover just the microsomal fraction. In this case, the crude homogenate was centrifuged at 10 000 g for 30 min at 4°C. The pellet, containing debris, heavy membranes and organelles, was discarded and the supernatant was ultracentrifuged at 100 000 g for 90 min to produce the microsomal (pellet) and cytosolic (supernatant) fractions, as described previously (Figueroa et al. 2001a ). The nucleic acid content was determined spectrophotometrically by absorbance at 260 nm (A 260 ).
Western blotting. Each pellet was resuspended in 100 ml of 100 mM Tris pH 7.4 containing 1 % SDS. Protein content was determined by the Bradford method. Samples from each resuspended or supernatant fraction were mixed 1:1 with Laemmli's buffer (0.5 M Tris-HCl, pH 6.8, 10 % v/v glycerol, 10 % w/v SDS, 5 % v/v 2-mercaptoethanol, 1 % w/v bromophenol blue) and separated by 7.5 % SDS-PAGE. Human endothelial cell lysate, from an aortic endothelium cultured cell line (Transduction Laboratories, Lexington, KY, USA), was used as positive control for both eNOS and Cav-1 (data not shown). Molecular mass (mol. mass) was estimated with pre-stained markers (Bio-Rad, Hercules, CA, USA). Proteins were electro-transferred onto a nitrocellulose membrane. The membrane was blocked overnight with 5 % non-fat milk in Tris pH 7.4 at 4°C, and cut horizontally at a mol. mass of 70-80 kDa. Each section was incubated separately with anti-eNOS (high mol. mass) or anti-Cav-1 (low mol. mass) primary antibodies (1:2500), for 3 h at room temperature. This was followed by 1 h incubation with the appropriate conjugated secondary antibody and developed by a 15 min incubation with 0.01 % 3,3‚-diaminobenzidine, 0.5 % H 2 O 2 in the dark, or by chemiluminescence (SuperSignal, WestFemto, Pierce, Rockford, IL, USA). Additional Western blots were performed with similar procedures, using primary antibodies for b-COP and Na + ,K + -ATPase (1:1000), to determine the presence of these protein markers of Golgi and plasma membranes, respectively. Western blots were scanned and analysed densitometrically using the NIHimage software.
Experimental protocols
The experimental protocols were designed to measure three factors: (1) ACh-induced vasodilatation and its inhibition by a NOS antagonist, (2) ACh-induced microvascular NO production and (3) ACh-induced translocation of microsomal eNOS. All experiments were initiated with a 30 min baseline collection period. All concentrations reported correspond to the final concentrations attained in the observation chamber.
eNOS translocation and NO release in vivo NOS-dependent vasodilatation induced by ACh. We assessed the extent and time course of microvascular dilatation in response to 10 min applications of ACh (1-100 mM) or sodium nitroprusside (SNP, 0.1-10 mM). Local inhibition of NOS was accomplished by superfusion with 10 or 30 mM N G -nitro-L-arginine (L-NNA) for a period of 60-120 min. These L-NNA concentrations and the duration of treatment were chosen based on our previous work on baseline NO production in the hamster cheek pouch (Figueroa et al. 2001a) .
In a first series of experiments, we assessed the magnitude and time course of changes in arteriolar and venular diameters and microvascular flow in response to 100 mM ACh. These measurements were repeated after 60 min of superfusion with 30 mM L-NNA. Subsequently, we tested the reactivity of the tissue after prolonged L-NNA treatment with 10 mM SNP.
To test for the development of tachyphylaxis, we assessed the magnitude and time course of vasodilatation induced by three successive 100 mM ACh applications. Each stimulus was separated by a 60 min drug washout period. Vasodilatation was measured as the change in RVC.
The inhibitory efficacy of 10 mM L-NNA, administered for different periods, was tested with 100 mM ACh challenges applied 60 or 120 min after administration of the NOS inhibitor. In addition, we verified the reactivity of the tissue following prolonged L-NNA treatment by applying 10 mM SNP after 120 min in the presence of the NOS inhibitor.
The concentration dependence of agonist-induced vasodilatation was tested in additional hamsters stimulated with lower concentrations of ACh (1-10 mM) and SNP (0.1-1 mM).
ACh-induced microvascular NO production. Based on the results of the experiments described in the preceding sections, four groups of hamsters were used to measure ACh-induced NO release under control conditions and during NOS inhibition. The basic protocol consisted of a 30 min baseline measurement, followed by a 10 min sideline infusion with 10 mM ACh (n = 5), 100 mM ACh (n = 6) or buffer (n = 5), and collection of the superfusate outflow for an additional 30 min. The influence of NOS blockade on NO production was tested by a 10 min challenge with 100 mM ACh during the continuous superfusion with 30 mM L-NNA (n = 4). The application of NOS inhibitor was begun 60 min prior to ACh.
ACh-induced subcellular eNOS translocation. Sixty-three hamsters were prepared as for intravital microscopy, as pairs or in groups of three. After a 30 min equilibration period, the volume in the chamber (1.5 ml) was replaced with fresh buffer (control), or buffer containing 10 or 100 mM ACh (stimulated). Four groups of three animals each were processed after 3 min incubation for a complete three-compartment subcellular eNOS distribution analysis ). Microvessels from all 5 animals were grouped according to their branching order (arterioles A1-A4, venules V2-V3). The number of vessels in each category is shown in parentheses. After a 30 min baseline period, 100 mM ACh was applied topically for 10 min. Following 30 min of drug washout; superfusion with 30 mM L-NNA was started and maintained for the remainder of the experiment (arrow). A second ACh application was administered after 60 min of nitric oxide synthase (NOS) inhibition with L-NNA. Finally, 10 mM SNP was applied topically after 120 min of NOS inhibition. Horizontal bars indicate the periods of superfusion with ACh or SNP. * Significant differences in vessel diameter as compared to the diameter immediately prior to each ACh or SNP application. † Significant difference between diameters at the moment just before the second ACh and SNP challenges, as compared to the initial control value (P < 0.05, paired t test, with Dunnett's tables for multiple comparisons against a single control). by chemiluminescence. Three separate groups of three hamsters each were used to test the effects of ACh on the distribution of b-COP and Na + ,K + -ATPase, which may be used as markers for Golgi and plasma membrane, respectively. Cheek pouches from the remaining 42 hamsters were processed after 1.5, 3 or 6 min for quantitative Western blot analysis of eNOS and Cav-1 present in the microsomal fraction, developed by diaminobenzidine. Matched control and ACh-treated tissues were processed simultaneously. These stimulation periods were chosen based on the results of the experiments in the previous sections, to study eNOS distribution during development and maximal arteriolar dilatation, encompassing the up-slope and maximum NO production. The microsomal fraction was chosen because membrane-bound eNOS represents the activatable pool of the enzyme Garcia-Cardeña et al. 1997; Ju et al. 1997; Michel et al. 1997a,b; Rizzo et al. 1998) .
Statistical analysis
Results are presented as means ± S.E.M. Two-way ANOVA, or Student's paired t test, with Dunnett's tables for multiple comparisons against a control (Dunnett, 1964) , was used to assess significance of differences as a function of time within groups. Comparisons between groups were made using Student's unpaired t test or one-way ANOVA plus Newman-Keuls post hoc test. The level of statistical significance was set at P < 0.05.
RESULTS
Microvascular flow and conductance
ACh-induced vasodilatation. In control conditions, microvascular conductance, as assessed by the RVC index, was constant (Figs 1 and 2). Topical application of ACh induced a rapid and reversible vasodilator response. Typically, RVC rose steeply during the 10 min stimulation period, reached a peak around 2.5-5 min after the end of the drug application, and returned to baseline in an exponentiallike fashion within 20-25 min (Figs 1A and 2A ).
In every case, arteriolar dilatation preceded the increase in microvascular flow. As shown in Fig. 1B , stimulation with 100 mM ACh caused significant diameter increase in A4, A3 and A2 arterioles. This vasodilatation lasted for the entire drug application period, attaining a maximum at 2.5-5 min. The magnitude of the vasodilator response was proportionally higher in smaller vessels: A4 > A3 > A2 > A1. Third-order venules also presented significant dilatation, albeit slightly delayed compared to arterioles (Fig. 1C ). No significant changes were seen in larger, V2 venules. The eNOS translocation and NO release in vivo ACh (100 mM) was applied topically for 10 min periods in the superfusion medium at indicated times (bars). B, time course of NOS inhibition and effect of SNP. After a 30 min control period, the cheek pouch was superfused with 10 mM L-NNA for the remainder of the experiment (arrow). After 2 h of NOS inhibition, 10 mM SNP was applied topically (bar). The dotted line depicts the initial basal RVC level. C, time dependence of L-NNA treatment on ACh-induced vasodilatation. After 30 min in control conditions, the tissue was superfused continuously with 10 mM L-NNA for 210 min. ACh (100 mM) was applied at 60 and 120 min after starting NOS inhibition.
diameter of all microvessels returned to baseline within 10 min of ACh washout ( Fig. 1B and C) .
The vasodilator response to successive 10 min applications of ACh was similar in magnitude and duration during a 3 h period ( Fig. 2A) , demonstrating the stability of the preparation and the absence of tachyphylaxis. A two-way ANOVA indicated that there was no significant change in baseline RVC before each stimulation (21.9 ± 6.2, 24.4 ± 5.1 and 27.2 ± 4.8 nl min _1 mmHg _1 ), or in the maximal RVC attained in the first, second and third ACh stimulation (50.2 ± 7.6, 51.6 ± 7.1 and 50.0 ± 10.7 nl min _1 mmHg _1 , respectively). The corresponding net RVC increment above baseline, calculated as the area under the curve, was 185 ± 52, 153 ± 39 and 160 ± 47 nl mmHg _1 , respectively; not significant).
Application of ACh at concentrations of 1-10 mM caused vasodilator responses with a similar time course but smaller amplitude than 100 mM ACh. Likewise, SNP caused concentration-related vasodilator responses with a similar time course. Figure 3A summarises the vasodilator action of three concentrations of ACh (1-100 mM) and SNP (0.1-10 mM). The maximal RVC increment was directly proportional to concentration for both agonists, but SNP was approximately one order of magnitude more effective than ACh in inducing vasodilatation.
NOS inhibition. Superfusion with L-NNA caused significant reductions in microvessel diameter, microvascular flow and the vasodilator capacity of ACh, yet the degree of the inhibition depended upon the concentration and duration of the application period (Figs 1-3) .
After 60 min of superfusion with 30 mM L-NNA, there was a significant reduction in A2, A3, and A4 arteriolar diameters (Fig. 1B) . Application of 100 mM ACh, under these conditions, produced negligible changes in A1, A2, A3, V3 and V2 microvessels. However, A4 arterioles presented a moderate but significant vasodilator response (Fig. 1B) , which preceded a correspondingly small RVC peak (Fig. 1A) . After 100 min of treatment with 30 mM L-NNA, all arteriolar diameters were significantly reduced compared to their initial control value. Administration of 10 mM SNP at this time caused significant dilatation of all microvessels and also increased RVC significantly ( Fig. 1A-C ).
Superfusion with 10 mM L-NNA produced a progressive reduction in RVC, which levelled off at approximately 50 % of the baseline RVC after ~75 min (Fig. 2B) . Again, NOS inhibition did not impair microvascular responses to NO, as demonstrated by the robust vasodilatation induced by the administration of 10 mM SNP after 120 min of L-NNA treatment.
In order to draw a parallel between the reduction in baseline conductance and the ability of ACh to induce vasodilatation, we tested ACh responses at different times after starting superfusion with 10 mM L-NNA. The vasodilator peak elicited by 100 mM ACh was reduced by 75-80 % after 60 min, and was abolished after 120 min of treatment with 10 mM L-NNA (Fig. 2C) .
The inhibitory efficacy of the two concentrations of L-NNA on ACh-induced vasodilatation is summarised in Fig. 3B . After 60 min of NOS inhibition, the residual AChinduced vasodilatation was smaller with 30 mM L-NNA than with 10 mM L-NNA. In contrast, neither concentration of 
ACh-induced NO production
Basal cheek pouch NO release ranged between 30 and 70 pmol min _1 , with an average of 54.4 ± 5.2 pmol min _1 (n = 16; Fig. 4 ). Application of buffer vehicle did not change NO production. In contrast, superfusion with 10 or 100 mM ACh for 10 min produced a concentrationrelated rapid rise in NO release (Fig. 4) . The ACh-induced NO peak reached a maximum at 2.5-5 min during the drug application period, and returned to control levels 10 min after the end of the stimulus. This time course of NO release resembles the time course of arteriolar vasodilatation (compare Figs 1B and 4) . The total NO release above baseline, calculated as the area under the curve, induced by 100 mM ACh (350 ± 124 pmol) was significantly larger than that induced by 10 mM ACh (154 ± 54 pmol, P < 0.05, unpaired t test).
The administration of 30 mM L-NNA abolished basal NO release with a time course entirely consistent with reductions in RVC and vessel diameters, confirming previous reports (Figueroa et al. 2001a) . After 30 min of L-NNA treatment, NO release was 19.0 ± 6.6 pmol min _1 ; it dropped to 8.3 ± 3.4 pmol min _1 after 45 min of treatment with L-NNA, and fell bellow the lower detection limit for the assay thereafter (F (15,45) = 2.69, P < 0.006). In these conditions, application of 100 mM ACh did not cause any detectable increment in NO production (data not shown).
Translocation of eNOS
According to our homogenisation and fractionation procedure, cell nuclei precipitated in the first 5 min centrifugation at 150 g, along with tissue debris. This observation was corroborated by spectrophotometric analysis at A 260 , which demonstrated the presence of ~85 % eNOS translocation and NO release in vivo After 30 min of baseline data collection, ACh or buffer (vehicle) was applied topically for 10 min (bar). NO release showed significant differences as a function of time in tissues treated with 10 mM ACh (F (15,60) = 2.08, P < 0.024) and 100 mM ACh (F (15,75) = 4.05, P < 0.0001), but not in controls (F (15,60) = 1.53, P < 0.123). Differences assessed by two-way ANOVA.
Figure 5. Effect of ACh on subcellular endothelial NOS (eNOS) distribution
Hamster cheek pouches were superfused with buffer (control) or with 10 mM or 100 mM ACh for 3 min, homogenised and submitted to subcellular fractionation. Western blots were revealed by chemiluminescence to detect eNOS, Na + ,K + -ATPase, or anti-coat protein beta (b-COP) content in the microsomal fraction (M), cytosolic fraction (C), heavy membrane/Golgi-enriched fraction (G) and total homogenate (T). A, distribution of eNOS in a representative series of blots obtained from one out of four similarly treated groups. Protein load per lane: M, 30 mg; C, 140 mg; G, 30 mg; T, 80 mg. ACh-treated tissues showed a marked decrease in microsomal eNOS content and an equivalent increase in the Golgi-enriched fraction. B, distribution of Na + ,K + -ATPase and b-COP in one out of three similarly treated hamster cheek pouches. Protein load per lane: M, 40 mg; G, 40 mg. Application of ACh failed to affect the distribution of these proteins, which are markers for plasma (Na + ,K + -ATPase) and Golgi (b-COP) membranes.
of total nucleic acid content in this fraction, while the remaining ~15 % was found in the cytosolic fraction. Therefore, nuclei were not included in our subcellular fractionation analysis. The 10 000 g precipitate was enriched in b-COP, and was devoid of Na + ,K + -ATPase, indicating that it corresponded to heavy membranes, including those of the Golgi apparatus (Fig. 5B ). Mitochondria and peroxisomes may have been included in this fraction (not determined). The microsomal fraction was enriched in Na + ,K + -ATPase, indicating that it corresponded mostly to plasma membrane (Fig. 5B) . The microsomal fraction presented a weak signal for b-COP. Finally, the cytosolic fraction was devoid of Na + ,K + -ATPase or b-COP, attesting to the purity of this fraction (data not shown).
In control tissues, eNOS was found mainly in the microsomal compartment, but it was also detectable in the cytosolic and heavy membrane/Golgi-enriched fractions (Fig. 5A) . A clear redistribution of eNOS among different subcellular fractions was observed after 3 min of treatment with ACh. This sampling time was chosen because it corresponded with the moment of maximal vasodilatation. After a 3 min application of 10 mM or 100 mM ACh, eNOS content in the heavy membrane/Golgi-enriched fraction increased, while the amount of the enzyme in the microsomal fraction was reduced to a similar extent (Fig. 5A ). With 100 mM, but not with 10 mM ACh, a distinguishable increase in the cytosolic eNOS content was also seen. Total eNOS content in the cheek pouch homogenate was similar between control and ACh-treated hamsters (n = 4 each). ACh treatment did not affect the distribution of Na + ,K + -ATPase or b-COP, the protein markers for plasma and Golgi membranes, respectively (Fig. 5B) .
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Figure 6. Effect of acetylcholine (ACh) on microsomal eNOS and caveolin-1 (Cav-1) content
Hamster cheek pouches were treated with buffer (Control) or 10 mM or 100 mM ACh, during a period of 1.5, 3 or 6 min, and then homogenised and prepared for Western blot analysis of the microsomal fraction. To further characterise the time course of ACh-induced eNOS translocation, we performed a quantitative analysis of microsomal enzyme content at 1.5, 3 and 6 min of treatment. Because eNOS is bound to caveolae, we also measured Cav-1 as a control for this membrane domain. Figure 6 shows representative Western blots and the corresponding densitometric intensity for eNOS and Cav-1 at the time points studied. Treatment with 10 mM and 100 mM ACh reduced microsomal eNOS content in a rapid and dose-related way (Fig. 6, top) . As compared to buffer-treated controls, at 1.5, 3 and 6 min, 100 mM ACh reduced membrane-bound eNOS by _37.6 ± 8.9 % (P < 0.01), _60.8 ± 16.4 % (P < 0.01) and _39.6 ± 18.2 % (P < 0.05), respectively. With 10 mM ACh, microsomal eNOS content was reduced at 1.5 min by _13.1 ± 3.7 % (P < 0.05) and at 3 min by _60.0 ± 3.7 % (P < 0.01), whereas at 6 min the reduction was not significant (_19.1 ± 16.8 %). In contrast, application of either 10 mM or 100 mM ACh did not change microsomal Cav-1 content at any of the time points studied (Fig. 6, bottom) , despite the evident eNOS translocation.
DISCUSSION
Our work demonstrates a good correlation in the in vivo microcirculation between vasodilatation, blood flow, NO production, and the translocation of eNOS in response to ACh. The temporal changes in subcellular eNOS redistribution, NO production, arteriolar dilatation and blood flow are consistent with a cause and effect relationship, in which eNOS translocation from the cell membrane facilitates NO production. Our work constitutes the first direct evidence of dynamic regulation of eNOS activity associated with enzyme translocation from the membrane in the context of functional regulation of microvascular flow in vivo.
NO measurements
We have demonstrated the feasibility of continuously measuring microvascular NO production in the hamster cheek pouch by analysing superfusate chemiluminescence (Durán et al. 2000; Figueroa et al. 2001a) . At baseline, the tissue locally produces more than 90 % of the NO recovered, exceeding by far the amount brought to the exchange area by the blood supply. In addition, the abolishment of measurable NO by L-NNA confirms the enzymatic origin of the NO signal, ruling out the possibility of artefact readings (Figueroa et al. 2001a ). Our measurements reflect global cheek pouch NO production; detection of the exact regional or cellular origin of NO was beyond the scope of our experimental design. Based on studies in endothelium-denuded microvessels (Boric et al. 1999; Figueroa et al. 2001b) , it is reasonable to assume that most microvascular NO comes from endothelial cells as a product of eNOS activity. In addition, in the hamster cheek pouch, eNOS is detected only in the endothelial lining of arterioles and venules (Durán et al. 2000; Figueroa et al. 2001a) ; other NOS isoforms are not detected in the endothelium (Segal et al. 1999 ). However, we cannot reject a possible contribution from other sources, such as the neuronal NOS (nNOS) that has been detected in microvascular smooth muscle cells of the same microvessels in which eNOS was localised to endothelium in the hamster cheek pouch (Segal et al. 1999) .
Our results confirm that the resting hamster cheek pouch microcirculation is endowed with an important baseline NO dilatory tone, as evidenced by the comparison between arteriolar diameters and RVC before and after L-NNA treatment (Figs 1 and 2) . A pharmacokinetic barrier to L-NNA action is also confirmed by the delay in attaining a new steady-state blood flow after application of the NOS inhibitor (Figueroa et al. 2001a ).
ACh-induced, eNOS-mediated vasodilatation
Arteriolar and venular dilatation was clearly seen after 2.5 min of ACh treatment, attaining a maximum at 5 min and fading in the next subsequent 5-10 min ( Fig. 1B and C) . The RVC increase was delayed and prolonged in time compared to changes in vessel diameter (Fig. 1A) . This delay is due mainly to the accumulation and diffusion of the tracer in the interstitium and observation chamber compartments, which retards its appearance in the superfusate output by approximately one sampling period (Figueroa et al. 2001a) . Blockade of eNOS with L-NNA reduced the vasodilator response to ACh and the RVC peak in a dose-and time-dependent manner (Figs 1-3) . The slow reduction in basal RVC induced by 10 mM L-NNA was associated with a parallel decrease in ACh responsiveness ( Fig. 2B and C) . These results agree with the well-established NO dependence of ACh-induced vasodilatation.
eNOS translocation and NO release in vivo Figure 7 . Correlation between ACh-induced changes in relative vascular conductance (RVC) and ACh-generated NO •, 10 mM ACh (n = 5 for NO, n = 7 for RVC); 0, 100 mM ACh (n = 6 for NO, n = 15 for RVC); ª, 100 mM ACh plus 30 mM L-NNA (n = 4 for NO, n = 5 for RVC). Mean ± S.E.M.
It is worth noting that our data also demonstrate a dose-response relationship between ACh and NO release in vivo (Fig. 4) . By plotting the changes in RVC as a function of the amount of NO generated by known concentrations of ACh, in control and L-NNA-treated tissues, one obtains an increase in microvascular vasodilatation that is directly related to the amount of NO released (Fig. 7) . Furthermore, a temporal sequence of NO production, vasodilatation and an increase in flow can be deduced by comparing their respective time course responses (Figs 1 and 4) . NO release rose within 2.5 min of the application of ACh, reached a peak by 5 min and remained above baseline for an additional ~10 min (Fig. 4) . The NO response clearly precedes the RVC peak, which attained a maximum during the first washout sample (Figs 1 and 2) . This finding rules out the possibility that NO was produced in the vessel wall secondary to increments in shear stress (Kuo et al. 1991; Ungvari et al. 2001) . NO and RVC responses are directly comparable because NO-nitrite and the sodium tracer share the interstitial and superfusate pathways and reach the superfusate with similar transit times (Figueroa et al. 2001a) . The idea of a cause and effect relationship between NO release and vasodilatation is reinforced by the observation that the rise in NO production coincides with instantly measured vessel dilatation (Figs 1B and C, and 4) . The decay in NO release persisted longer, due to NO-nitrite diffusion, as discussed earlier. Altogether, these data constitute the first evidence that elevations in endogenous NO dilate the microvessels of the hamster cheek pouch in a dose-related manner, and extend previous data showing a temporal and concentration dependence between AChinduced NO release and relaxation in isolated small arteries (Simonsen et al. 1999) .
Because ACh does not induce relaxation in endotheliumdenuded arteries (Furchgott & Zawadzki, 1980; Simonsen et al. 1999 ) and microvessels (Sun et al. 1994; Dornyei et al. 1997) , and, to the best of our knowledge, it lacks the ability to produce NO directly in vascular smooth muscle, it is reasonable to interpret ACh-induced NO production as the result of eNOS stimulation. In control conditions, we detected significant dilatation of A4, A3 and A2 arterioles, and V3 venules, in response to 100 mM ACh. Venular dilatation is likely to correspond to an active phenomenon, since we have determined the presence of eNOS in arteriolar and venular endothelium in the cheek pouch (Durán et al. 2000; Figueroa et al. 2001a) , and it has been reported that both arterioles and venules have the capacity to generate NO in response to physiological stimuli (Bohlen, 1998) .
After 60 min of NOS blockade with 30 mM L-NNA, ACh induced a small rise in RVC that was preceded by a significant dilatation of A4 arterioles (Fig. 1) . However, in these conditions, NO release is practically abrogated. Therefore, this remnant vasodilatation observed in small terminal arterioles could be produced by another endothelium-derived factor. There is growing evidence that the dilatory effect of ACh is mediated not only by NO release, but also by endothelium-derived hyperpolarising signals (EDHF) (Feletou & Vanhoutte, 1999) . Heterogeneous vasodilator mechanisms that are activated in response to ACh have been described in large arterioles (150-250 mm) isolated from different tissues of the hamster (Clark & Fuchs, 1997) . In this context, our results indicate that the predominant mediator of relaxation in response to ACh in the cheek pouch is NO.
Translocation of eNOS
To study the occurrence and functional meaning of eNOS translocation, we performed a detailed subcellular analysis of eNOS distribution after 3 min of ACh application. We chose this sampling time because it was the moment when the majority of vessels attained maximal vasodilatation with either 100 mM ACh ( Fig. 1B and C) or 10 mM ACh (not shown). Our results indicate that ACh stimulation causes eNOS translocation from the microsomal compartment to the Golgi and to the cytosolic compartments in vivo (Fig. 5 ). Total eNOS content did not change, attesting to the consistency of tissue homogenisation and sample handling.
We have previously shown that in the resting hamster cheek pouch in vivo, eNOS is distributed between the microsomal and cytosolic compartments in a roughly 2:1 proportion (Figueroa et al. 2001a) . In this work, we also detected a sizeable amount of eNOS in the 10 000 g precipitate. According to the distribution of conventional protein markers, this membranous fraction does not contain detectable amounts of plasma membrane (Na + ,K + -ATPase), whereas it is enriched in Golgi membrane (b-COP; Fig. 5B ). Our present results agree with reports of eNOS distribution in both the plasma membrane and Golgi apparatus in cultured endothelial cells (Liu et al. 1997; Sowa et al. 1999) . Moreover, confocal and electron microscope examination of vascular endothelial cells fixed in situ, has revealed that in vivo, eNOS is distributed mainly between a peripheral band-like structure and a perinuclear domain, identified as the Golgi complex (O'Brien et al. 1995; Andries et al. 1998) .
The most conspicuous change induced by ACh was a reduction in the microsomal eNOS content; however, there was no equivalent increase in cytosolic eNOS that could account for the changes in membrane-bound enzyme. A minor but consistent increase in cytosolic eNOS was detected with 100 mM ACh. Interestingly, an increment of eNOS content in the Golgi-enriched fraction was observed with both ACh concentrations. Because total protein content in the microsomal and this heavy membrane fraction was similar, the opposite and symmetrical changes in eNOS concentration observed in these two compartments mainly account for the ACh-induced redistribution of this enzyme.
These results support and expand previous reports assessing eNOS translocation in cultured endothelial cells after agonist stimulation. When using fractionation or extraction techniques, increases in eNOS have been detected in the nuclear fraction or in a detergent-insoluble (cytoskeletal) fraction (Venema et al. 1996; Wang et al. 1997; Feng et al. 1999) . By confocal microscopy, eNOS has been observed to translocate from the plasma membrane to a perinuclear domain (Prabhakar et al. 1998; Goetz et al. 1999) . At present we cannot assess the exact destination of eNOS in the heavy membrane fraction in the hamster microcirculation. While we did not find cell nuclei in the 10 000 g precipitate (A 260 readings), it is possible that mitochondria and other small organelles, such as peroxisomes, are also present in this fraction. However, there are no indications in the literature that eNOS is located in these organelles. Therefore, based on our results with markers for Golgi apparatus and plasma membrane, we favour the perinuclear Golgi complex domain as the most probable target for eNOS translocation in our study, in agreement with earlier studies (O'Brien et al. 1995; Liu et al. 1997; Andries et al. 1998; Sowa et al. 1999) .
To understand further the significance of eNOS translocation in relation to the enzyme activation induced by ACh, we analysed three time points corresponding to the up-slope and established NO production (Figs 4 and 6). We focused our quantitative analysis just on the microsomal fraction because membrane-bound eNOS represents the activatable pool of the enzyme Garcia-Cardeña et al. 1997; Ju et al. 1997; Michel et al. 1997a,b; Venema et al. 1997; Rizzo et al. 1998 ) and, as shown in Fig. 5A , changes in this compartment summarise variations in the other compartments. The absence of changes in microsomal Cav-1 content attests to a similar load of plasma membrane proteins in control and AChtreated tissue samples. We found a significant reduction in microsomal eNOS content as early as 1.5 min after ACh application, and maximal enzyme translocation after 3 min of treatment (Fig. 6 ). This rapid eNOS translocation was observed when NO release was rising with either of the ACh concentrations used (Fig. 4) . In addition, the magnitude of eNOS translocation was proportional to the concentration of ACh applied, because at 1.5 min, 100 mM ACh caused a larger degree of translocation than 10 mM ACh and, at 6 min, only 100 mM ACh was effective (Fig. 6) . It is interesting to note that at 6 min of 100 mM ACh application, NO release was still rising, whereas with 10 mM ACh, NO production peaked earlier (Fig. 4) . The current results strongly suggest that ACh-induced reduction in microsomal eNOS is a transient effect, although we cannot define exactly the time at which the enzyme fully returns to its baseline subcellular location after the 100 mM ACh challenge, because we limited the duration of our study to 6 min. The apparent difference between transient eNOS translocation (Fig. 6) with a more prolonged NO release (Fig. 4) can be explained by the delay between NO production and NO-nitrite collection in the superfusate, as discussed earlier. The time correspondence between the magnitude of eNOS translocation and arteriolar vasodilatation ( Figs 6 and 1B, respectively) reinforces the concept of enzyme activation, because both variables were measured instantly and are directly comparable. In general, the ACh-stimulated reduction in microsomal eNOS content, which is time-related to arteriolar dilatation, and is closely associated with an increase in NO production and blood flow (Figs 1, 4 and 6) , is consistent with the idea that the translocation of eNOS is part of a mechanism that activates this enzyme.
A transient ACh-induced eNOS activation and translocation could be expected given previous reports that agonistinduced NO production is essentially transitory (Malinski & Taha, 1992; Blatter et al. 1995; Cohen et al. 1997) . Our study neither rejects nor contradicts the existence of other eNOS activation mechanisms, such as Akt-mediated eNOS phosphorylation (Dimmeler et al. 1999; Fulton et al. 1999) , which may possibly be acting either in parallel, or in a sequential way after agonist stimulation.
In general, our in vivo data agree with results obtained by others in cultured endothelial cells describing a reversible transit cycle for eNOS during prolonged bradykinin or oestradiol stimulation. It has been observed that eNOS translocation started at 1 min, attained a maximum at 5 min, remained at that maximum between 5 and 20 min, and receded thereafter Wang et al. 1997; Prabhakar et al. 1998; Goetz et al. 1999) . We may assume that differences in the source, stimulus, and physiological state of cultured endothelial cells as compared to our in vivo conditions may account for the slight discrepancies in the time course of the eNOS translocation response. The previously reported data have often been interpreted as evidence that translocation corresponds to an inactivation mechanism for eNOS, based on comparisons with NO measurements obtained in aortic endothelial cells, showing that NO synthesis starts to decrease after 10 min exposure to a bradykinin pulse (Malinski & Taha, 1992) . However, in these previous studies, the time course of eNOS translocation was not determined in concert with NO production in the same preparation. On the other hand, our combined translocation and NO production data obtained in vivo are consistent with the participation of eNOS traffic in the activation mechanism of the enzyme. Interestingly, by using a specific intracellular NO-reporting dye in endothelial cells stimulated with vascular endothelial growth factor, it has been shown recently that eNOS, localised either in the perinuclear eNOS translocation and NO release in vivo Golgi region or plasma membrane, is able to synthesise NO (Fulton et al. 2002) .
The reduction in microsomal eNOS content in the absence of changes in Cav-1 content is consistent with the idea that activation of the enzyme implies eNOS translocation after its dissociation from Cav-1. This notion considers that eNOS is mainly associated with Cav-1 in the membrane and that this protein exerts an inhibitory role on eNOS activity (Garcia-Cardeña et al. 1997; Ju et al. 1997; Michel et al. 1997a,b) . In support of this interpretation, carbacholinduced eNOS release from Cav-1 has been observed in cultured cells (Feron et al. 1998) . The association of both proteins in the microcirculation is supported by the report that eNOS and Cav-1 are co-localised in the endothelium of hamster microvessels (Segal et al. 1999) .
In conclusion, our in vivo data support the idea that eNOS translocation away from the cell membrane, and most likely its dissociation from Cav-1, participates in the 'on' signal for NO release and vasodilatation in vivo. What cellular pathways are involved in eNOS redistribution, and how this process connects with other activation signals for NO production, such as eNOS interaction with calciumcalmodulin (Garcia-Cardeña et al. 1997; Michel et al. 1997b; Rizzo et al. 1998 ) and/or phosphorylation Dimmeler et al. 1999; Fulton et al. 1999 Fulton et al. , 2002 Durán et al. 2000) , remain as interesting open questions for future studies. UNGVARI, Z., SUN, D., HUANG, A., KALEY, G. & KOLLER, A. (2001) .
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